A key issue in heavy fermion research is how subtle changes in the hybridization between the 4f (5f ) and conduction electrons can result in fundamentally different ground states. CeRhIn5 stands out as a particularly notable example: replacing Rh by either Co or Ir, antiferromagnetism gives way to superconductivity. In this photoemission study of CeRhIn5, we demonstrate that the use of resonant ARPES with polarized light allows to extract detailed information on the 4f crystal field states and details on the 4f and conduction electron hybridization which together determine the ground state. We directly observe weakly dispersive Kondo resonances of f -electrons and identify two of the three Ce 4f 1 5/2 crystal-electric-field levels and band-dependent hybridization, which signals that the hybridization occurs primarily between the Ce 4f states in the CeIn3 layer and two more three-dimensional bands composed of the Rh 4d and In 5p orbitals in the RhIn2 layer. Our results allow to connect the properties observed at elevated temperatures with the unusual low-temperature properties of this enigmatic heavy fermion compound.
A key issue in heavy fermion research is how subtle changes in the hybridization between the 4f (5f ) and conduction electrons can result in fundamentally different ground states. CeRhIn5 stands out as a particularly notable example: replacing Rh by either Co or Ir, antiferromagnetism gives way to superconductivity. In this photoemission study of CeRhIn5, we demonstrate that the use of resonant ARPES with polarized light allows to extract detailed information on the 4f crystal field states and details on the 4f and conduction electron hybridization which together determine the ground state. We directly observe weakly dispersive Kondo resonances of f -electrons and identify two of the three Ce 4f 1 5/2 crystal-electric-field levels and band-dependent hybridization, which signals that the hybridization occurs primarily between the Ce 4f states in the CeIn3 layer and two more three-dimensional bands composed of the Rh 4d and In 5p orbitals in the RhIn2 layer. Our results allow to connect the properties observed at elevated temperatures with the unusual low-temperature properties of this enigmatic heavy fermion compound.
It is well known that the coupling of f electrons in intermetallic rare earth (and actinide) compounds to conduction electrons can give rise to Kondo scattering processes, which commonly results in narrow bands near the Fermi energy (E F ). The correspondingly large effective mass and heat capacity over temperature (T ) ratio at low T gave this materials class its name: heavy fermions [1] . The great variety of possible ground states occurring in these materials has made them an ideal testbed for exploring strong correlations. As a result, a global phase diagram of heavy fermion systems has started to emerge [2, 3] that is considerably richer than originally anticipated [4] .
The CeM In 5 heavy electron family, whose members are formed out of alternating M In 2 (M = Co, Rh, Ir) and CeIn 3 layers, typifies this richness [5, 6] . Both CeCoIn 5 and CeIrIn 5 are superconductors, with T c 's of 2.3 K and 0.4 K, respectively [7, 8] , while CeRhIn 5 is an antiferromagnet with predominantly localized moments and a Néel temperature T N =3.8 K at ambient pressure [9] . Rh lies between Co and Ir in the Group VIII elements suggesting that already minute changes can yield drastically different ground states. This does raise the question what determines the location of a compound in the global phase diagram and thus the ground state? For CeCoIn 5 the quasiparticle bands have been directly observed by angle-resolved photoemission spectroscopy (ARPES), which indicates that the 4f electrons are delocalized and participate in the electronic properties at sufficiently low T [10] [11] [12] [13] . Dynamical mean-field theory (DMFT) calculations for the quasiparticle spectral weight suggest that while the Ce 4f electrons in CeRhIn 5 are more localized than in CeCoIn 5 , they still undergo Kondo screening with a subsequent Fermi volume enlargement at low T [14] suggesting that the ground state of both compounds possesses a large Fermi surface (FS) which includes the Ce 4f electrons. In contrast, de Haasvan Alphen (dHvA) oscillations for CeRhIn 5 are essentially the same as those for LaRhIn 5 , indicating that the Ce 4f electrons are localized [15, 16] , which is supported by optical conductivity data [17] . This is interpreted as an absence of Kondo screening in CeRhIn 5 at ambient pressure and is consistent with the occurrence of unconventional quantum criticality featuring critical Kondo destruction [18] [19] [20] . This interpretation has, however, been challenged in Ref. [21] . In addition, nonresonant ARPES investigations of CeRhIn 5 find that 4f electrons are predominantly itinerant [22] , while another ARPES study suggests that they are nearly localized in the paramagnetic state [23] and a recent scanning tunneling spectroscopy (STS) study reported absence of a hybridization gap for CeRhIn 5 [24] . How can one reconcile these findings? Differences between members of the 115 family can arise from variations in the conduction (or c-) electron band structure and the strength of the 4f multiplet-c-electron hybridization. This determines the crystal electric field (CEF) splittings and the Kondo scale T K , which affect the low-energy properties of dense Kondo systems [13] .
Here we focus on the temperature range between 180 for the extraction of orbital information of CEF levels from Kondo satellite peaks near E F ; iv) find that the Ce 4f -c-electron hybridization in CeRhIn 5 is band dependent with strongest hybridization on the most 3D band, and it is the weakest compared with those of CeCoIn 5 and CeIrIn 5 ; v) argue that the FS enlargement is minimal in the investigated T range. High quality single crystals of CeRhIn 5 were grown by the self-flux method [25] . The soft X-ray ARPES data in Figs. 1 and 2 were taken at the Advanced Resonant Spectroscopies (ADRESS) beamline at the Swiss Light Source; the overall energy resolution was 70-80 meV, and the angular resolution was 0.07
• . The samples were cleaved and measured at 12 K under a vacuum better than 5 × 10 −11 mbar. The resonant photoemission data were taken with 121 eV photons at Beamline I05-ARPES at the Diamond Light Source. The angular resolution was 0.2
• and the overall energy resolution was better than 17 meV. The samples were cleaved at 8 K, and the vacuum was below 9 × 10 −11 mbar. The 3D electronic structure of CeRhIn 5 was measured with soft x-ray ARPES, and compared with calculations when taking f electrons as fully localized in Fig. 1(a) . Photoemission intensity maps in the ΓZAM and ΓZRX planes are shown in Figs. 1(b) and 1(c), respectively. Different k z s were accessed by varying the photon energy between 532 and 648 eV, and estimated based on an inner potential of 15 eV [26] . As elaborated in the supplemental material [26] , according to the "universal curve" of electron mean free path as a function of kinetic energy [27] , the probing depth here is larger than ∼14Å, and the k z -broadening is less than ∼8.5% 2π/c, c being the lattice constant of CeRhIn 5 , which enables a proper measurement of the bulk 3D band structure [26, 28] . The FS in the ΓXM plane, shown in Fig. 1(d) , is composed of four pockets. There are three electron pockets around M : a flower-shaped β pocket, a rounded α pocket and a large square-like γ pocket. A small hole pocket can be observed around Γ, which is attributed to the γ band ( Fig. 2(b) ). As shown by the band structure along ΓM in Fig. 2(a) , α appears V-shaped with its bottom 1.3 eV below E F . In the ZAR plane ( Fig. 1(e) ), the β pocket becomes rounded and the α pocket becomes square-like. For the photoemission data along ZA in Fig. 2(c) , the bottom of α shifts toward E F , while β gets closer to α. ZAR planes for the three bands. The α and β FSs show weak variation in the ΓZAM plane ( Fig. 1(b) ), and α is the most two-dimensional (2D), while γ exhibits the strongest k z dependence. The shapes of the α and β pockets are even qualitatively compatible with previous dHvA measurements in the magnetic phase [15] . These measurements, however, could not provide the shape and k z dependence of γ, due to the low frequency of this branch, making the more comprehensive 3D electronic structure revealed by ARPES particularly useful. Most parts of the FSs and bands agree well with the DFT calculations for the paramagnetic phase, shown in Fig. 1(a) and Fig. 2(e) , where the 4f electrons were treated fully localized and Kondo spin scattering is neglected. This should reproduce the FSs when the effect of the coupling between 4f electrons and conduction electrons is negligible. This agreement indicates that the 4f electrons indeed are predominantly localized. Still, differences between the DFT calculations and our measurements exist: the Fermi crossing of γ along ΓX in Fig. 2(b) is absent in Fig. 2(e) . The calculation also indicates all three conduction bands originate from the RhIn 2 layer, with α mainly composed of Rh 4d states, β mainly composed of In 5p states, and γ composed of both.
To enhance the f -electron photoemission intensity, res- onant ARPES measurements were conducted at the Ce 4d-4f transition with 121 eV photons. As shown in Fig.  S2 of the supplemental material [26] , the data taken with 882.5 eV photons at the 3d-4f resonance are similar, but with a poor energy resolution. As further illustrated by Figs. S3 and S4 [26] , the photons near 4d-4f transition probe the bulk states as well, although the probing depth is about 7.5Å, causing stronger k z -broadening. Figs. 3(a) and 3(b) compare the off-resonance and onresonance photoemission intensities at 8 K, respectively. Strongly dispersing bands dominate the off-resonance spectra, while Ce 4f emission is enhanced in the onresonance data, see also Fig. 3(d) . Three nearly flat bands can be observed in the on-resonance data. The one at -2.32 eV is assigned to the 4f 0 state, while those at -0.27 eV and near E F have been attributed to the 4f 1 7/2 and 4f 1 5/2 states, respectively. The 4f spectral weight was found to be negligible near E F in previous ARPES data on CeRhIn 5 [23] . Furthermore, we find that 4f
is sensitive to the polarization -a significant enhancement is seen under s-polarized light compared with p polarization (Fig. 3(c) ). Fig. 3 (e) enlarges the energy distribution curves (EDCs) near E F after dividing by the resolution-convoluted Fermi-Dirac distribution (RC-FDD), revealing two features at ∼1.5 and 8 meV which we interpret as Kondo satellite peaks arising from the CEF splittings. The polarization dependence arises from wavefunction symmetry. The 4f . Here, α=0.62 and β=0.78 were determined by inelastic neutron scattering [31] . The corresponding distributions of these wavefunctions are displayed in Fig. 3(f) . All these are somewhat elongated along z, allowing hybridization with the conduction electrons. Both Γ Since s-polarization picks up the odd components, the prominent state at 1.5 meV above E F is assigned to Γ + 7 . The Kondo satellite state observed with p-polarization at 8 meV above E F is assigned to Γ − 7 . The observed separation of 6.5 meV between the two states agrees well with that from inelastic neutron scattering [31] . The third state, Γ 6 , is too far above E F (25 meV) to be resolved here. Thus, ARPES with polarized light can be a valuable complement to neutron scattering and specific heat measurements in determining the CEF states in Kondo systems. The 4f To investigate the degree of f -electron delocalization, we performed T -dependent measurements along ΓM , see Fig. 4(a) . At high T , only two weak structures are observed -one at E F , the other at around -0.27 eV. Upon cooling, the intensity of both features gradually increases until significant spectral weight can be observed near E F at low T , particularly near Γ. This further corroborates the interpretation of both features as Kondo resonances which in principle should be detectable using STS [24, 26] . Figure 4 (b) displays the EDCs at the Fermi crossings of α, β and γ at low temperature. The 4f -c-electron hybridization displays a clear band-dependence -the most 2D α band shows negligible hybridization, while the most 3D γ band shows the strongest hybridization. This is consistent with both thermal expansion and DMFT results [31, 33] . Consistently, a nearly flat band displaying a weak dispersion near Γ is clearly visible in the EDCs taken at 8 K near E F due to the hybridization between the 4f band and γ, see Fig. 5(a) . Fig. 4(c) compares the T -dependence of f spectral weight in the vicinity of Γ of CeRhIn 5 and those of its sister compounds CeCoIn 5 and CeIrIn 5 . Obviously, the f spectral weight in CeRhIn 5 increases slower upon lowering T than those in CeCoIn 5 and CeIrIn 5 , indicating that the hybridization is weakest in CeRhIn 5 among these compounds. In the supplemental material [26] , we compare the band structure of the three compounds. An obvious band bending can be observed in α for CeCoIn 5 and CeIrIn 5 , but not for CeRhIn 5 down to 8 K. In short, the 4f -c hybridization weakens in the order of CeIrIn 5 , CeCoIn 5 , and CeRhIn 5 .
Having firmly established that Kondo resonances do form in CeRhIn 5 as T is lowered, we now turn to a discussion of the size of the FS. It is important to note that the formation of Kondo resonances is not per se tantamount to the formation of a large FS. As sketched in Fig. 5(b) , i.e., according to the standard view on heavy fermion groundstate, when f electrons hybridize with conduction electrons, the intensity of the f spectral weight will be redistributed, with significant enhancement to the 'inside' of the hole-like and 'outside' of the electron-like bands. This is demonstrated by comparing the photoemission intensity maps of CeRhIn 5 taken at 8 and 180 K, respectively, in Figs. 5(c) and 5(d). The change of the Fermi wavevector from k F , the Fermi wavevector of the so-called 'small' FS with the f -moments being localized, to k F of the 'large' FS entails a reduction of spectral weight at k F according to Fig. 5(b) . Although there are signs for hybridization in Fig. 4 and Fig. 5(a) , this reduction is not observed down to the lowest T of our experiment, see Fig. 5(c) . Therefore, our findings indicate that the enlargement of the Fermi surface is minimal, and it is still predominantly 'small' in CeRhIn 5 at ambient pressure down to 8 K despite the formation of a flat band near E F [18, 25] , and also clarify why some experiments on CeRhIn 5 have been interpreted in terms of complete 4f -electron delocalization and do show how subtle the issue of large vs small FS can be.
In conclusion, we demonstrate that polarizationdependent ARPES could extract information about the CEF levels in CeRhIn 5 . We showed that there is banddependent 4f -c hybridization, and the FS in the paramagnetic phase of CeRhIn 5 is predominantly small down to 8 K, although a narrow band forms near E F as a result of Kondo scattering. These findings clarify why different experiments have seemingly obtained conflicting results regarding the fate of the Kondo effect in CeRhIn 5 . Our findings give a comprehensive electronic structure of CeRhIn 5 , and the comparison with CeCoIn 5 and CeIrIn 5 aides a global understanding of the CeM In 5 family which epitomizes the richness of strongly correlated electron systems [34] .
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